The progress of surface-enhanced Raman scattering (SERS) microscopy and spectroscopy on individual nanostructured materials has been reviewed in this feature article. After a brief introduction on individual nanomaterial SERS, we provide a systematic overview on the fabrication and SERS studies of individual nanoparticulates, nano-junctions and hierarchical nano-aggregate. These SERS-active nanomaterials have great potential in designing novel highly sensitive SERS substrates for the development of SERS-based sensing devices with a broad range of applications.
Introduction
Nanomaterials have demonstrated unique physical and chemical properties due to the quantum confinement that is associated with their nanometer scale dimensions. A variety of top-down and bottom-up methods have been used to fabricate nanomaterials, while it is still quite challenging to synthesize nanostructures with uniform size, shape and crystallinity. Consequently, nanomaterial characterization can be conducted with a focus on either collective properties or the properties of individual nanostructures. A detailed characterization on individual nanomaterials can reveal additional properties regarding their structure-property relationship, thus allowing us to design nanostructured materials with better performances.
Optical studies on individual nanomaterials have received increasing interest in recent years due to the broad applications of nanomaterials in the fields of plasmonics and nanophotonics. [1] [2] [3] [4] [5] For example, the factors that influence the line width of the localized surface plasmon resonance (LSPR) for single metal nanoparticles have been studied with darkfield optical microscopy. 3 Similarly, confocal white light reflection microscopy has been utilized to image individual metallic nanostructures. 6 Combining LSPR spectroscopy and high-resolution transmission electron microscopy (HRTEM), Schatz and co-workers investigated the optical response and structural information on a single silver nanocube. 1 Recently, Guo and co-workers developed a reusable aptasensor using a single gold nanorod and successfully detected analytes with an excellent sensitivity and reproducibility. 4 In all these experiments, optical microscopes were generally used to locate and identify the individual nanostructures.
Surface-enhanced Raman scattering (SERS) spectroscopy on individual nanostructures has emerged as a new active field to understand the SERS mechanism and to develop novel SERS substrates with superior enhancement. Raman spectroscopy has been widely used in characterizing molecular structures of nanostructured materials, 7 such as carbon nanotubes. 8, 9 Furthermore, Raman spectroscopy has also been extensively used to assess the performance of novel plasmonic nanostructures as SERS substrates. The exploration of SERS theories and fabrication of functional nanomaterials have clearly demonstrated the great potential for the SERS technique, which range from photodetection, single molecular experiments and biomaterial sensing to chemical identification. [10] [11] [12] [13] While it has been well-recognized that both electromagnetic and chemical mechanisms contribute to the enhancement in the SERS experiments, a unified SERS expression was proposed recently by Lombardi and Birke, which contains three denominators representing the surface plasmon resonance, the metal-molecule charge-transfer resonance and molecular resonance, respectively.
14 In addition, the authors demonstrated that those three resonances were linked by Harzberg-Teller vibronic coupling terms and should be considered simultaneously. 15 It is well-known that the SERS activities for certain nanostructured substrates largely depend on the activity and density of Raman hot spots. 16 However, most SERS evaluations were conducted on random locations of a SERS substrate. With inhomogeneous substrates, it can be very difficult to obtain valuable structural information for further material optimization. The appearance of single-particle SERS (sp-SERS), on the other hand, provides an ideal solution for such a problem. sp-SERS experiments can not only allow detailed studies on structure-property relationship for individual nanostructures, but also provide a great opportunity for structural optimization of the nanomaterials, thus promoting the fabrication of novel SERS-active substrates with unprecedented SERS activities.
Single-particle SERS focuses on collecting SERS signals from individual particles, and in most cases, these individual particles are nanostructured materials. sp-SERS, together with the SERS experiments from individual assemblies and aggregates provides an excellent opportunity to understand the structure-SERS performance relationship of these individual nanostructures, thus providing a guideline to design SERSactive materials with exceptional sensitivities. Initially, most sp-SERS reports were limited to single-molecular SERS spectroscopy. In 1997, Nie and Emory studied SERS spectra of individual rhodamine 6G (R6G) molecules on isolated silver colloidal nanoparticles and they demonstrated that intrinsic Raman enhancement factors were much larger than the ensemble-averaged values with conventional methods. 17 The chemical enhancement effect in sp-SERS was later studied in detail and spectral blinking was examined. [18] [19] [20] Furthermore, they studied sp-SERS by using near-field Raman microscopy where individual metallic nanoparticles were attached to near-field fiber probes to create Raman hot spots. 21 In 1999, Brus and co-workers observed strong SERS signals for individual R6G molecules on large silver nanoparticles. 22 Their results were consistent with Nie's studies, and the huge SERS intensities, they believed, originated from the interaction between the chemisorbed molecules and ballistic electrons in optically excited silver nanoparticles. The pioneering work in the late 1990s has resulted in tremendous research interests and experimental investigations in the sp-SERS field. For example, Willets and co-workers introduced a new approach of so-called super-resolution optical imaging and studied the interaction between probe molecules and single nanoparticle hot spots within a diffraction-limited spot. 23 This feature article will be focused on sp-SERS and SERS of individual nanostructure assemblies, with most of examples of non-single molecular SERS. For those who are interested in single-molecular SERS, there have been several excellent reviews on that topic. [24] [25] [26] [27] [28] We will focus on SERS studies that are related to substrates with individual nanostructures and isolated nanoscale aggregates. In this article, we will make a brief review of localized Raman mapping and spectroscopy on SERS active substrates with individual nanostructures and their assemblies. SERS discussion will be based on the types of the substrates, including individual nanoparticulates, nanoscale junctions, and nano-aggregations (Fig. 1) . These discussions will be followed by brief descriptions for the applications of sp-SERS and SERS of individual assemblies, current challenges and possible future directions. 
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SERS on individual nanoparticulates
While most SERS studies are on bulky nanomaterial aggregates, it is essential to investigate SERS of individual nanoparticulates. A better understanding of the SERS mechanism from individual nanoscale building blocks will help in the design of novel SERS-active substrates. Here, individual nanomaterials can be classified into four categories according to their dimensions: zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) nanomaterial.
Zero-dimensional nanomaterials
Nanoparticles, namely 0D nanomaterials, have been widely used as SERS substrates. Noble metals, such as gold and silver, have a long history of being used in the form of nanoparticle assemblies or roughened surfaces for SERS active substrates. Recently, transition metals and semiconductors also emerged as active substrates in SERS studies. In the field of sp-SERS, the structures of zero-dimensional nanomaterials can be solid nanoparticles, hollow nanoparticles or core-shell nanoparticles.
Solid nanoparticles. Solid nanoparticles are the simplest nanomaterials that have been intensively studied. Recently, there has been increasing interests on SERS enhancement from individual nanoparticles of noble metals. 17, 19 Furthermore, nanoparticles with various sizes and shapes exhibit tunable optical properties, and such optical characteristics can have a strong impact on the SERS performance. The size-dependent SERS activities from individual silver nanoparticles were reported by Nie's group in 1998. 29 Their experiments revealed that the 488 nm-excited particles have a size about 70 nm, 568 nm-excited particles have a size of 140 nm, and 647 nm laser can excite silver nanoparticles with a size of 190-200 nm. In summary, they found a linear relationship between particle size and excitation wavelength in the SERS experiments. 29 Besides the size, the shape of individual nanoparticles can also have an important effect on their individual SERS performance. Xia and co-workers systematically examined the effect of nanoparticle shape on the sp-SERS activity. 30 Three types of nanoparticles with different shapes were compared: bipyramid nanoparticles, nanocubes with sharp corners, and truncated nanocubes. As shown in Fig. 2 , it is clear that the nanocubes with sharp corners and the bipyramid nanoparticles produced similar Raman intensity, while the truncated nanocubes produced a stronger Raman intensity. If the nanocubes were further truncated, a much stronger Raman intensity could be observed as compared to the spectra from the less truncated ones. The authors also found different SERS responses to the polarized excitation on these 0D nanomaterials, and the nanocubes with sharp corners exhibited the largest variation as compared to the others. 30 Such a difference can be due to the difference in the near-field distributions of the electromagnetic field, as proved by both far-and near-field calculations. 30 With a precise control on the shapes of these nanoparticles, their results clearly demonstrated the shape-dependent SERS performances, which are critical in designing novel substrates with superior SERS activities. Similarly, Yang and co-workers reported sp-SERS on silver nanoparticles with unique structures prepared by an anisotropic etching method. 31 In their work, a shape-dependent SERS enhancement was observed on these etched nanoparticles. These nanoparticles might be incorporated into future sensing devices for the simultaneous detections of multiple analytes.
Hollow nanoparticles. Single-particle SERS on hollow nanoparticles have been studied and their applications in pH sensing and molecular sensing were explored. Hollow nanoparticles, also denoted nanoshells, are a unique type of 0D nanomaterials. In 2006, a SERS measurement was conducted by Taley's group on single hollow nanostructures. 32 They fabricated hollow gold nanospheres with diameters as small as B30 nm via a galvanic replacement reaction on cobalt nanoparticles. Compared to standard silver nanoparticle aggregates, these hollow gold nanoparticles had a significantly increased SERS intensity of nearly 10-fold. Such strong SERS signals resulted in improved sensitivity and dynamic range for the application of pH sensing. Halas et al. fabricated core-shell nanoparticles with a silica core and gold shell. 33 Compared to solid nanospheres, these individual nanoshells provided larger SERS enhancements. It was found that the SERS intensities of the individual nanoshells can be the same order of magnitude strong as that of an individual solid gold nanosphere dimers. 
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Another SERS comparison of hollow nanoparticles and solid nanospheres was reported by Laurence and co-workers, where they used a solution-based single-particle technique to statistically study the uniformity of SERS-active substrates. 34 By plotting the ratios of Raman and Rayleigh scattering strengths to the ratios of Raman signal to background of individual nanostructures (as shown in Fig. 3 ), a 2D histogram can be obtained to evaluate the SERS intensity of these nanostructures. The narrower the spots are; the more uniform the SERS nanostructures are, due to less variation of the signals. In their experiments, they deduced that the hollow gold nanospheres showed more homogeneous responses as compared to solid gold or silver nanoparticles. 34 Their method can be used to characterize a large number of individual SERS nanoparticles in a very short time, thus providing an efficient approach to examine the quality and uniformity of SERSactive nanoparticles.
Jiang and co-workers recently reported single-particle SERS on individual cuprous oxide (Cu 2 O) nanoshells and systematically investigated the porosity effect of the nanoshells on SERS intensity. 35 In an earlier report, Wang et al. reported the syntheses of porous Cu 2 O nanoshells and their tunable optical properties. 36 The SERS results on individual nanoshells indicated that strongest SERS were obtained on porous Cu 2 O nanoshells with a 30 min Ostwald ripening process. 35 Further treatment could lead to more porous nanoshells and collapsed structures, which reduced the optical scattering at the laser excitation, thus resulting in a decrease of the SERS intensity. 35 Core-shell nanoparticles. Compared with solid nanoparticles and hollow nanoparticles, core-shell nanoparticles have several advantages, such as tunable core diameter and shell thickness, protection of adsorbing analytes by the shell, etc. All these allow an optimization and improvement of SERS intensity and reliability. With multiple synthetic steps, core-shell nanoparticles can be fabricated and the shell thickness of core-shell nanoparticles can be adjusted by the temperature, salt, pressure and pH etc. The changes on shell thickness might be monitored with SERS tests, thus making the core-shell nanoparticles ideal nanomaterials for sensitive SERS detection. sp-SERS studies on core-shell nanoparticles have been reported with either polymer-metal core-shell nanoparticles or silica-metal core-shell nanoparticles.
Polymer-metal core-shell nanoparticles fabricated from the templates of polymer beads have been studied in sp-SERS for years. To facilitate the core-shell nanoparticle synthesis, the surface of polymer beads were usually chemically modified with functional groups. Silver nanoshells were prepared on the surface of carboxylate-modified polystyrene latex beads. 37 Similarly, Chung et al. fabricated gold shells on the surface of amine-terminated polystyrene beads. 38 The thickness of gold nanoshells could be finely tuned by varying the number of electroless plating steps. It was found that SERS activity strongly depended on the number of such steps. Certain encapsulation methods were reported in the literature to improve the SERS performances such as coating a polymer layer to protect the nanoparticles against the surrounding medium. For example, 2-naphthalenethiol analyte was successfully encapsulated between the silver nanoparticle surface and the polymer shell, and the SERS behaviour was studied. 39 Furthermore, the polarization-dependent sp-SERS experiments on polymer-coated silver nanoparticles were also investigated. 39 Silica can be used as either a core template or protective shell in sp-SERS experiments. For the cases that silica was used as a protective shell, metal nanoparticles were encapsulated in the shells. It was reported that SERS enhancement factors (EFs) for individual Au-SiO 2 core-shell nanoparticles range from 6.6 Â 10 6 to 4.8 Â 10
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. 40 Xia and co-workers studied the SERS of 4-mercaptobenzoic acid (4-MBA) adsorbed on silver nanocubes, which were then coated with silica of different thickness. 41 The effect of silica shell on the SERS intensity was investigated and the results were consistent with that of theoretical calculations. Unlike coating the probe molecules outside metal nanoshells, Nie et al. covered gold nanoparticles with probe molecules, then controlled coupling agent concentrations to coat silica shells. 42 Such core-shell nanoparticles had a built-in mechanism for signal amplification as compared with fluorescent dyes and quantum dots. 42 Silica is also applied as a core-template in several sp-SERS studies. Gold nanoshells with a 200 nm SiO 2 core and a 30-40 nm gold layer were reported to be used in flow spectroscopy with a high spectral resolution for rapid SERS detection. 43 When this SiO 2 -Au core-shell nanoshell adsorbed a monolayer of 4-MBA, a nanoscale pH meter could be obtained because the SERS spectra of 4-MBA on nanoshells were very sensitive to the environments with various pH values. 44 Similarly, Emory et al. reported another pH-probe by using silica-gold core-shell nanoparticles adsorbing 4-mercaptopyridine (4-MPy). These individual silica-gold core-shell nanoparticles also demonstrated more reliable SERS spectra compared to aggregates of silica-gold core-shell nanoparticles. 45 
One-dimensional nanomaterials
Typical 1D nanomaterials can be either nanorods (NRs) or nanowires (NWs). SERS study on individual NRs/NWs has received growing interest recently. For example, Kim's group synthesized free-standing single-crystalline Ag NWs via a simple vapour phase process for single-nanowire SERS. 46 They found that SERS intensity of the Ag NWs had a strong dependence on laser polarization. Finite difference time domain (FDTD) simulation showed that the electric field was strongly enhanced when the polarization of the laser was normal to the axis of Ag NWs, which agreed well with the experimental results. 46 Recently, SERS of individual nanowires with bulb humps was investigated by Du et al. 47 Strong SERS activity was observed from the position of bulb humps. The effect of laser polarization was also discussed on the SERS activity of Ag NWs with bulb humps. 47 Nanobars and nanorices are also types of 1D nanomaterial that have been studied in sp-SERS. Xia and co-workers reported the syntheses of silver nanobars and nanorices, and studied the effect of polarization on their sp-SERS. 48 Fig . 4 shows that SERS intensity on a single nanobar illuminated by transversely polarized laser is much greater as compared to that of longitudinally polarized laser. Conversely, SERS intensity from an individual nanorice particle showed different polarization dependence (Fig. 4) . The authors believe that such difference can be related to the resonance of laser excitation with the different surface plasmon resonances of these two 1D nanomaterials. Comparing with 0D nanocube, nanobar and nanorice have unique 1D structures and anisotropic SERS responses, which allows a better understanding of the polarization effect on the SERS-active nanomaterials.
Single-wire SERS is not limited to noble metal nanostructures. For example, Krishnadas et al. synthesized nickel nanowires using a wet chemistry method and investigated their SERS properties by using crystal violet as a probe molecule. 49 The SERS signal from the nickel nanowire substrates was relatively strong, even down to 10 À5 M crystal violet concentration.
Two-dimensional nanomaterials
Single-particle SERS substrates can also be 2D nanomaterials which are fabricated by either photolithography or nanolithography. The size and shape of the 2D nanomaterials can be finely controlled, allowing a high reproducibility in the SERS intensity. For example, gold nanobowties were successfully fabricated using an electron-beam lithography method. 50 The nanobowtie consists of two metallic triangles oriented tip to tip, and the gap between them can be controlled to below 20 nm. For such nanostructures, chemical enhancement of the substrates can be estimated since the electromagnetic enhancement of the structure can be experimentally measured. The chemical enhancement from an individual nanobowtie absorbing p-mercaptoaniline molecules is reported as large as 10 7 .
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Nanoapertures are also considered as 2D nanomaterials for sp-SERS. Nanoapertures were milled via a focused ion beam in optically thick gold film, and fabricated on a gold-coated glass coverslip. 51 The diameters of the apertures can be finely controlled from 100 to 300 nm. It is demonstrated that a SERS EF of 2 Â 10 5 can be obtained from an individual gold aperture with a diameter of 100 nm using p-mercaptoaniline as the probe molecule. The EF increases when the nanoaperture diameter decreases from 300 to 100 nm. Similarly, Xu et al. prepared nanoapertures in gold thin films on silica substrates by a self-assembly colloidal lithography method. 52 The SERS intensities from individual nanoholes in gold film, individual gold particles on a glass, and combined holeparticle systems were compared. Both three-dimensional FDTD simulation and experimental observation revealed that SERS signals from individual nanoholes in a gold film could be much more easily observed. 52 
Three-dimensional nanomaterials
Three-dimensional nanomaterials usually contain complex nanostructures with numerous Raman hot spots inside, which can generate strong SERS signals. Silver stars were synthesized using poly(lactic-co-glycolic) acid nanoparticles as templates with a two-step silver reduction method. 53 These silver stars can be applied as both antibacterial agents and SERS substrates. Individual silver stars can be used as an interesting SERS substrate due to the existence of Raman hot spots. 53 Gold nanostars were also reported via a one-pot aqueous synthesis. 54 SERS signals from individual gold nanostars could be easily observed without the formation of junctions among aggregated nanostars. It is explained that the SERS signal can be generated from the probe molecules at the tips of the nanostar where the field enhancements have been shown to be the largest. 54 SERS intensities generated from individual gold nanostars have the same order of magnitude as the dimer nanoantennas fabricated by lithography. 54 It is worth noting that complex nanostructures can also be fabricated via physical methods. For example, gold nanobowls were fabricated by Ye and co-workers via an ion milling process. 55 Such nanobowls showed a symmetry-reduced geometry and their optical properties were tunable. As shown in Fig. 5 , the local electromagnetic field enhancement in the edge position I and center position II on the top of a nanobowl can be significantly different. Based on the FDTD simulation, the SERS intensity at position I can be three to four orders magnitude higher than that of position II. By using carbon nanoparticles as Raman reporters, the authors successfully demonstrated the huge difference for SERS signals at these 
SERS on nano-junctions
Another active subfield in SERS research is to study the strong SERS signals on individual nanoscale junctions, in which two metal nanostructures are located in close proximity and generate Raman hot spots. Unlike sp-SERS, significant SERS enhancement of the nanoscale junctions can be contributed from the strong interactions between the individual nanoscale building blocks in the overall isolated nanostructures. The pioneering work on producing such SERS substrates was from aggregates obtained from aqueous metal colloid dispersions. 56, 57 Comparing to isolated nanoparticles, those aggregates can provide stronger SERS signals. However, uncontrolled aggregations and broad compositions led to many challenges to understand the SERS enhancement. Nanoscale junctions, which can be as simple as nanoparticle dimers, have attracted much attention. There are a large number of reports on SERS studies of individual nanojunctions prepared with a variety of methods, such as drop casting, [58] [59] [60] 80 and vaporliquid-solid growth. Here, we will classify the nano-junctions into four categories based on the shapes of the joining nanomaterials: nanoparticle-nanoparticle junction, nanoparticle-nanowire junction, nanowire-nanowire junction, and junctions with metal thin films.
Nanoparticle-nanoparticle junctions
The exploration of SERS on nanoparticle-nanoparticle junctions has generated plenty of experimental data for a better understanding of the SERS mechanism. Several approaches have been used to prepare nanoparticle-nanoparticle junctions. For example, Duyne and co-workers fabricated silver nanoparticle dimers by a simple drop casting approach (Fig. 6a) . 59 Although the method is quite easy, it is of low efficiency for SERS study due to the low percentage of dimers in the product. On the other hand, dimer encapsulation method can generate nanoparticle dimers with careful experimental designs. Chen's group demonstrated that the majority of their products are pure dimers, as shown in Fig. 6b . 74 The authors have successfully utilized polymer shells to enclose and protect Au@Ag core-shell dimers. 74 This dimerization approach is highly reproducible and the resulting dimers might have a great potential in SERS applications. In another approach, Li and co-workers used cucurbit[n]urils (CB[n]) to assemble gold nanoparticle-nanoparticle aggregates. 64 In their work, the distance between two connected nanoparticles can be controlled by the size of organic bridged ligands, CB[n] molecules. 64 Electrochemically grown heterogeneous Au-Ag-Au nanorods can be used to prepare gold dimers, as demonstrated by Alexander and co-workers. 71 Furthermore, LBL assembly offers a versatile approach to fabricate designed nanoparticle junctions, based on creating multilayered nanoparticles consisting of alternating charged layers. [81] [82] [83] For example, Zhang and co-workers reported a novel technique to prepare SERS substrates via vertically stacking silver nanodisks, which were separated by a silica layer using the layer-by-layer assembly. 79 Besides the fabrications of nanoparticle dimers, there are also considerable efforts in studying the polarization-dependent SERS enhancements on these nanoparticle dimers. Chen's group reported an investigation on the relationship between light polarization and SERS activity of silver nanoparticle dimers. 39 As shown in Fig. 7 , polarization-dependent SERS activities can be clearly observed on silver nanoparticle dimers. Xia and co-workers developed a plasma etching-based method to study Raman hot spots between two silver nanocubes. 84 In their work, 4-methylbenzenethiol (4-MBT) was used as the SERS probe molecule and a plasma etching process was used to remove the probe molecules outside the hot spots. The much stronger SERS intensities in silver nanocube dimers indicated a higher SERS activity for the dimers than individual nanocubes. In addition, the authors found that the largest SERS enhancement occurred when the laser polarization was parallel to the long axis of the dimers. 84 Furthermore, Xia's group reported the SERS activities of a variety of well-defined nanoparticle-nanoparticle junctions View Article Online from two silver nanocubes. 85 In their work, face-to-face, edgeto-face and edge-to-edge structures of two silver nanocubes were randomly assembled by a simple drop-casting method and investigated using both electron microscopy and Raman spectroscopy. The SERS performance of these nano-junctions showed that much higher field-enhancements were obtained from the face-to-face and edge-to-face system, while the lowest field-enhancement was from edge-to-edge ones. They also figured out that the nanoscale sharp features would provide stronger Raman scattering intensities than rounded counterparts, which is consistent with theoretical calculations. 86 In addition, they deduced that higher SERS activity could be achieved when the laser polarization was parallel to the dimer's longitudinal axis. Table 1 provides a summary of the EFs calculated for individual silver nanocubes and three types of dimers under the conditions of perpendicular and parallel laser polarization. Following that, Rabin and co-workers reported another interesting approach to fabricate nanocube dimers in preset locations of patterned substrates. 87 Although the cost is high, their method provided a much better control in fabricating dimer structures than that of the drop-casting method. They showed highest heterogeneity in the SERS intensity with face-to-face dimers while the face-to-edge dimers are more SERS robust. Their work provides valuable information on designing SERS substrates with minimized substrate heterogeneity, which is extremely critical for real sensing applications.
A number of experimental studies on dimer junctions suggest that the SERS enhancement is strongly dependent on the nanoparticle shape, surface roughness and direction of the laser polarization, which is also confirmed by the theoretical calculations. Similar to other numerical simulation packages, FDTD method is highly useful in the study of electromagnetic properties of metallic nanostructures of different geometries. [88] [89] [90] [91] [92] [93] For example, Halas and co-workers studied the SERS enhancement from nanoshell and nanosphere dimers. 33 They found that the SERS enhancement from nanoshell dimers was comparable to that of nanosphere dimers when excited by the laser with a parallel polarization. 33 
Nanoparticle-nanowire junctions
Another well-defined SERS junction system consists of nanoparticles and nanowires. A variety of fabrication methods has been reported to prepare nanoparticle-nanowire junctions. For example, Kattumenu et al. fabricated a SERS active substrate from vertically aligned zinc oxide nanowires, which were uniformly decorated with gold nanorods by a dip coating method. 77 Becker et al. made silver nanowires with hemispherical gold droplets on their tip by a vapor-liquid-solid approach. 94 Khan et al. reported a method to coat gold islands on GeO 2 nanowires by using an E-beam evaporation. 95 Jiang and co-workers recently reported a LbL approach to fabricate multilayer thin films containing oppositely charged nanorods and nanoparticles, and demonstrated tunable plasmonic properties of the thin films. 78 They also observed enhanced SERS activity from the multilayer thin films, which might offer a feasible method to prepare nanoparticle-nanorod junctions for SERS experiments.
There are several SERS studies on individual nanoparticle-nanowire junctions. Netzer et al. reported an intriguing approach in which the nanoparticle-nanowire junctions were formed by a buckling process and studied the SERS intensity map of an individual junction. 96 In their work, an array of aligned silver nanowires was deposited onto a prestrained polydimethylsiloxane (PDMS) substrate and nanobuckles were formed on initially 'smooth' silver nanowires after a compressive stress was applied (Fig. 8) . This unique nanoscale structure created Raman hot spots in the locations of the junctions between nanobuckles and the nanowire, and enhanced SERS activities were observed at these locations. 96 Tsukruk et al. applied polyacrylic acid (PAA) as a linker between silver nanowires and gold nanoparticles to fabricate pH-triggered SERS substrates. 97 Due to the pH sensitivity of PAA, the nanogap between the silver nanowire and gold nanoparticle can be controlled via pH adjustment. A wet assembly technique was also used by the same group to fabricate a gold nanoparticle-silver View Article Online nanowire junction system. 98 Another interesting approach to make nanoparticle-nanowire junctions was reported by Brejna et al. where they used a galvanic replacement reaction to produce silver nanoparticles and an Ostwald ripening process was utilized for particle growth. 80 They investigated the SERS activity in the regions where silver nanoparticles were grown. As a result, the SERS enhancements obtained in these regions were at least five times higher than of the particles that did not undergo the ripening process.
Furthermore, geometry effects of nanoparticle-nanowire junction and laser polarization on SERS enhancements have received a lot of interest from researchers. [99] [100] [101] Xu and co-workers observed significant SERS enhancement when the incident light was polarized across the junctions of gold nanoparticles and nanowires. 99 Xia and co-workers published an article on the polarization dependent SERS activity at junctions between a silver nanocube and a silver nanowire with sharp corners. 58 Two distinct junction geometries have been investigated: (1) a sharp silver nanocube with one side nearby the silver nanowire (face-to-face); (2) a sharp silver nanocube edge nearby the silver nanowire (edge-to-face). The measurements of EF for single nanocube, single nanowire and the junction systems were compared. They concluded that the largest field enhancement and SERS intensity were obtained when laser polarization was parallel to the long axis of junctions. 58 
Nanowire-nanowire junctions
SERS study on individual junctions of crossing nanowires has received great attention because of the generation of Raman hot spots at the junction region. Several methods were reported on the assembly of nanowire-nanowire junctions and their applications for SERS substrates have been demonstrated. 91, [101] [102] [103] Moreover, the relationship between laser polarization and SERS enhancement was also investigated. 91, 104 Kang et al. reported the construction of crossed or parallel nanowire pairs using a nanomanipulator. 91 In these nanowire pair systems, the intense SERS enhancements observed at the junction directly visualized the existence of the Raman hot spots. The results are fully consistent with the FDTD calculation for the specific nanowire geometries. 91 Glembocki et al. reported that the dielectric substrate for crossed nanowires played a critical role in SERS enhancement, according to both experimental results and theoretical calculations. 104 The calculation results of the SERS enhancement for a pair of crossed nanowires at an angle of 451 in air and on a silicon substrate were compared. It is clear that the silicon substrate has an influence on the local electric fields near the contact point. 104 A comprehensive study on wire-wire junctions was done by Chang and co-workers where they used a double-step transversal capillary transfer microprinting approach to fabricate silver nanowire crossbars partially decorated with silver nanoparticles. 101 Different on/off SERS activity on the nanowire-nanowire junction can be designed using a variety of different polarization directions or orientation directions. 101 Yoon et al. used an array platform and studied the correlation between the junction conduction properties and molecular structure by SERS on the same junction. 103 Furthermore, Tsukruk's group designed novel hybrid bimetallic silver-gold core-double-shell nanowires which demonstrated great efficiency of SERS activities. 75 They observed that the SERS enhancements at the individual bimetallic nanowire-nanowire junctions were many times higher than those from silver nanowire junctions.
Junctions on metal thin films
SERS on individual nano-junctions can also be observed when nanoparticles or nanowires interact with an underneath metal thin film so that nanoparticle-thin film junctions or nanowirethin film junctions were formed. Besides the experimental explorations, there are also active theoretical studies for such type of nano-junctions. For example, Wu et al. demonstrated the plasmonic interaction between a nanoshell and adjacent dielectric substrate using FDTD method. 92 Nordlander and co-workers reported the study of surface plasmon interaction in the gold nanoparticle-thin film junctions and nanoshellthin film junctions by an electromagnetic analogue of the spinless Anderson-Fano model. 105, 106 Several experimental approaches have been developed to study the SERS activity on junctions created by nanoparticles or nanowires with metal thin films. 66, 107 Early works in this field started from the favourable effects of metal island films for SERS activity study. [108] [109] [110] [111] Ferrell and co-workers produced spheroidal-shaped particles through an annealing process which created a nanoparticle-thin film junction system. 112 Smith et al. reported controllable nanoparticle-metal film separation and used a polymer layer to tune the distance between the nanoparticles and metal thin films. 113 Hu et al. investigated a system of single silver nanoparticle on a gold film and found that by controlling the thickness of a thin silica spacer layer between the metal nanoparticle and the metal film, an optimum thermally stable substrate could be obtained with superior SERS performance. 114 Zubarev's group synthesized a novel type of starfruit-shaped gold nanorods by using a seed-mediated method. They observed strong SERS signals from individual mesorods deposited on benzenedithiol-coated gold film, which can be closely related to the roughened surface of the gold mesorods. 115 One interesting study about junctions on metal thin film was reported by Xia and co-workers, who demonstrated that the nanogap between nanoparticles and metal thin film can be well controlled by the thickness of a SiO 2 shell surrounding the nanoparticles. 41 In their work, a silver nanocube was first adsorbed with 4-MBA, then coated with silica shells of different thickness. They observed different SERS intensities on various substrates including gold, silicon and glass, indicating a strong effect of SERS intensity on the type of supporting substrates (Fig. 9) . When a glass substrate was used, the SERS intensity of the core-shell nanoparticle did not change much as a function of silica thickness. However, when a gold film was used, the SERS intensity decreased significantly as the thickness of SiO 2 increased. Their results allow a better understanding in the formation of the Raman hot spots between a silver nanocube and its supporting substrate. Similarly, Mangeney and co-workers designed a SERS substrate in which gold nanoparticles were assembled on a gold film surface functionalized with linker molecules. 116 The authors View Article Online were able to tune the SERS ability on and off by changing the substrate temperature which led to the length change of the linker molecules. Kim and co-workers used a drop casting method to generate a single nanowire on thin film platform (SNOF), from which a Raman signal was obtained at a level suitable for a practical biosensor. 93 This SNOF structure provided a line of Raman hot spots at the gap between the nanowire and the film, which can be conveniently located in situ using an optical microscope. Fig. 10 shows SERS spectra of brilliant cresyl blue (BCB), benzenethiol (BT) and a thiolated 10-mer adenine ssDNA (HS-A 10 ) absorbed onto gold nanowire-gold thin film structures and gold nanowires-silicon substrates. SERS signals were observed from the SNOF systems for all three molecules. And they are much stronger for the Au/Au SNOF system as compared with gold nanowire on a silicon substrate.
SERS on aggregation
Besides individual nanoparticulates and nano-junctions, more complicated nanostructures (and aggregations) have been developed in SERS study and these hierarchical nanostructured materials present excellent SERS performance with robust intensity, excellent reproducibility, and low detection limits. In the following, we will discuss some unique 3D hierarchical nanostructures and the SERS performances on these individual structures.
Nano-aggregation
Aggregated nanostructures have been well developed and widely applied into SERS detections since the gathered nanoparticles can largely enhance local plasmon resonance, which can result in impressive SERS abilities. Silver colloidal particles and gold nanoparticle aggregates have been employed as highly active SERS substrates. 93, 117, 118 Cao's group successfully controlled colloidal superparticle growth through solvophobic interactions and their colloidal superparticles made of gold nanoparticles exhibited strong SERS signals upon doping with R6G, which can be due to the electromagnetic field enhancement from the gold superparticles. 119 Zhang's group developed SERS-active substrates containing gold nanoparticle aggregates and an EF up to 10 7 was reported for R6G Raman signals. 117 Singamaneni and co-workers assembled core-satellite gold nanostructures using simple molecular cross-linkers and obtained strong SERS activities due to the in-built Raman hot spots. 120 In another example, SERS properties of thiacarbocyanine J-and H-aggregates adsorbed on individual silver aggregates have been investigated by Kitahama et al. and single osteosarcoma cells can be studied in detail using colloidal gold nanoparticles as substrate in near-infrared SERS detection. 121, 122 It is noteworthy that well arranged nano-aggregates have also been developed as SERS-active substrates. Jiang and co-workers fabricated freestanding LbL thin films with embedded gold nanorod arrays. 123, 124 Recently, a wrinkle confined gold nanoparticle substrate was fabricated and its SERS activities were investigated by Liz-Marza´n's group. 125 The gold nanoparticle arrays were originated using a prestretched PDMS substrate (Fig. 11) . Those arrays can be tuned to create single and double lines of gold nanoparticles. These gold nanoparticle arrays showed high SERS ability and extremely uniform SERS enhancement. 125 The method used View Article Online for fabricating gold nanoparticle arrays is very simple, efficient and cost effective. However, such approach is hard to be industrialized.
While the aggregated silver or gold nanoparticles can be utilized in SERS detection, a combination of nanomaterials and biomaterials with precisely controlled aggregated gaps can result in high SERS uniformity and enormous enhancement. Recently, Lim et al. reported highly-uniform gold nanoparticles with 1 nm interior gap prepared using a DNAtailored method. 126 Those SERS active nanostructures, denoted gold nanobridged nanogap particles, displayed Raman signals with ultra-high enhancement, reproducibility and uniformity. The interior hollow gap (about 1 nm) between the gold core and shell can be precisely manipulated by tailoring DNA molecules in between gold nanoparticles. 126 As shown in Fig. 12 , TEM images illustrated different stages of DNA modified gold nanobridged nanogap particle formation, from side modified Au-DNA particles to half-shell covered Au-DNA particles. 126 TEM results also showed well-defined gaps in the uniform gold nanobridged nanogap particles. Detailed morphology of a single gold nanobridged nanogap particle is shown in the HRTEM image and the element mapping analysis of the crossing line, from which a 1.2 nm interior nanogap is clearly demonstrated. The precise control of the nanoscale gaps can largely magnify the SERS enhancement which was demonstrated in both experimental results and theoretical calculations. 126 From Raman mapping analysis, the authors found that SERS signals generated from these gold nanoparticle aggregate substrates were highly sensitive with a probe concentration down to 10 fM and the SERS EF was up to 10 8 for more than 90% area. 126 
Nanowire-based hierarchical nanostructures
Nanowires have attracted enormous interests due to their unique 1D structures and electrical, optical, mechanical and thermal properties. Nowadays, nanowires are not only widely studied in various fields as typical 1D building blocks for functional materials, but also employed as templates to fabricate hierarchical nanostructures for SERS and other applications. For example, Qi et al. reported the deposition of silver nanoparticles on the surface of zinc oxide nanowires, and strong SERS signals were observed. 127 Fang and co-workers grew silver nanoparticles on silicon nanowires and successfully observed single-wire SERS enhancement. 128 They also demonstrated that their method was suitable for preparing large-scale SERS-active silver-silicon nanowire arrays. Singamaneni's group used aligned electrospun nanofibers as templates to assemble gold nanorods and observed orientation-dependent SERS intensity on individual anisotropic nanofibers. 129 Recently, Jiang and co-workers manufactured bimetallic gold-silver nanowires via a simple galvanic replacement reaction and observed a dramatically increased SERS enhancement on individual nanowires. 130 To prepare the bimetallic nanowires, the pristine silver nanowires were treated with HAuCl 4 solution, and then rinsed by DI water. This process generated bimetallic nanowires with numerous nanoparticles and porous structures. The porous features were further indentified by a combination of electron microscopy and spectroscopy. Due to the high porosity of nanostructures, View Article Online those bimetallic nanowires showed excellent SERS ability when compared to pristine silver nanowires. 130 Comparison of gold-silver bimetallic nanowires with pristine silver nanowires is shown in Fig. 13 . The three panels represent the optical image, atomic force microscopic (AFM) image, and Raman map for the nanowires in the same area, respectively. The optical image clearly indicated that pristine silver nanowires are more reflective compared to the bimetallic nanowires. This can be explained by that after galvanic replacement, highly porous Au-Ag nanowires were formed which resulted in more scattered light than direct reflectance. This phenomenon can be used to optically distinguish the bimetallic nanowires and pristine ones. The AFM images reveal the rough surface of the bimetallic nanowires, which could enhance adsorption capability and adsorb more probe molecules than that of the pristine ones. The Raman map shows impressive SERS enhancement on the bimetallic nanowires compared to pristine nanowires. Strong SERS enhancement can be clearly observed on two individual bimetallic nanowires, while there are almost no Raman signals on the two pristine silver nanowires. This result clearly indicates that surface modification is an easy and effective option to fabricate SERS-active hierarchical nanostructures. 130 On-wire lithography, an emerging technique which has been used in nano-scale engineering, has also been employed to fabricate nanorings. Such engineered nanostructures have demonstrated excellent SERS performance, from both individual nanorings and nanoring-based arrays. Liusman et al. reported a new approach to fabricate free-standing bimetallic nanorings and nanoring arrays using a combination of on-wire lithography and galvanic replacement reaction. 131 The aspect ratio of the nanorings can be tuned and the nanorings arrays can be produced with desired numbers of nanorings and spacing in between. Fig. 14 shows the morphology evolution of the hierarchical nanorings. The striped Ag-Ni nanowire structure was synthesized via an electrochemical deposition. After galvanic replacement reaction with boiling HAuCl 4 solution, the nickel segment can be completely released by aqueous HCl etching, leaving bare bimetallic nanorings. Although the fabrication process was complicated, expensive and quite time consuming, these nanorings and their arrays exhibited excellent SERS property in both experimental results and theoretical calculations. 131 
3D hierarchical nanostructures
It has been realized that controllable hierarchical nanostructures might provide SERS-active substrates with superior SERS performance. Shape evolved study on three-dimensional, hierarchical nanostructures have attracted enormous interests. Through the evolution of 3D hierarchical nanostructure, we can have a better understanding of Raman hot spots and so aid optimization A typical 3D hierarchical nanostructure is the so-called nanoflower or nanomeatball. There are two merits of those nanostructures for their usage in SERS applications: (1) larger surface area to adsorb probe molecules on the surface, compared to regular shapes and smooth surface nanoparticles; (2) nanoscale features on their surface, which potentially provide more opportunity to create Raman hot spots even in individual nanoflowers or nanomeatballs. Two approaches were used to prepare those 3D hierarchical nanostructures: direct synthesis and post-synthesis chemical treatment. 132, 133 For instance, Xu and co-workers used a one-pot synthesis method and prepared gold nanoflowers. 134 A facile polyol method was then developed to synthesize gold nanoflowers with highly branched structure using amine-reducing agents. 135 The SERS performance of the gold nanoflowers was investigated by using 4-MPy as probe molecules. 135 Due to the nanoscale roughness on the surface of nanomeatball or nanoflower, those 3D hierarchical structures demonstrated excellent SERS enhancement and raised their profiles in SERS applications.
Wang and co-workers synthesized gold meatball particles, and studied their optical properties and SERS applications (Fig. 15) . 136 Surface roughened flower shape silver nanoparticles were also fabricated and those particles exhibited high sensitivity in SERS tests. 137 In this report, the single particle polarization dependent-SERS properties were cautiously identified. 137 Xie and co-workers developed a onepot approach to synthesize gold nano-branched nanoparticles at room temperature. 138 There are more than ten tips on a single gold nanoparticle surface which shows exceptional SERS ability. Those gold nanoparticles showed good size monodispersity which can be applied as tags for in vivo applications. 138 More recently, a facile particle-mediated aggregation method was used to synthesize gold mesoparticles. 132 The authors prepared the mesoparticles using FeCl 3 solution to reduce HAuCl 4 aqueous solution with different reaction times. Those mesoparticles with tunable surface morphology can be self-assembled into mono-or multi-layer particle arrays with a high uniformity. The authors reported a high SERS enhancement on individual gold mesoparticles. Furthermore, they observed a further one or two orders of magnitude improvement for mesoparticle arrays due to additional Raman hot spot formation between the mesoparticles.
Employing templates to build gold or silver based nanocages is another route to synthesize mesoparticles. Cu 2 O particles with morphology variation from spherical, cubic to octahedral were utilized as templates to react with HAuCl 4 solutions. By using this method, Fang and co-workers fabricated polyhedral gold mesocages with highly roughened surface, including numerous effective hot spots, which can lead to a substantial contribution to SERS performance. 133 The shapedependent SERS activities were also investigated. Singleparticle SERS spectra and Raman maps of crystal violet were investigated on gold mesocages with different morphologies: (a) mesocage, (b) spherical, (c) cubic and (d) octahedral. The method is highly repeatable and the products have demonstrated remarkable SERS activity with EF up to 10 7 -10 8 . A similar route for silver mesocage fabrication was also investigated by the same group. 139 Besides nanoflowers and nanocages, other types of 3D hierarchical nanostructures were also fabricated directly and their SERS activities were examined. For example, Roeffaers and co-workers fabricated silver dendritic nanostructures via a photocatalytic growth. 140 Typically, dendritic nanostructure was grown from a silver nitrate solution in the presence of ZnO crystals under UV light irradiation. With a large amount View Article Online of nanoscale features contributing as Raman hot spots, these dendritic nanostructures exhibited remarkable SERS enhancement at low detectable concentration using 4-methoxythiophenol as a probe molecule. Fig. 16 shows the optical transmission image and the Raman map, from which the authors demonstrated that large dendritic silver nanostructures possess excellent SERS ability. One drawback of this dendritic structure is that the Raman hot spots are not uniformly distributed, as shown in the Raman map. The Raman bands of the probe molecules indicated in positions 1 and 2 are quite different in intensity and further optimization in substrate preparations is required for any practical applications. Another SERS-active nanostructure, gold nanoleaves, were synthesized using 2-thiophenemethanol to reduce HAuCl 4 solution at room temperature. 141 Since this structure enriches the nanoscale gaps, it showed high performance in SERS application for several molecules such as methyl blue and crystal violet. 141 
Applications and outlook
The extremely active sp-SERS studies on isolated nanostructures have provided an excellent opportunity in designing novel SERS-active substrates with superior performance. Furthermore, these individual nanostructures, including nanoparticulates, nanoscale-junctions, and nano-aggregates, have demonstrated great potential as unique sensing materials for a variety of applications, such as environmental monitoring, pH sensing, biomaterials sensors, ultralow trace chemical detection, and food safety, to name a few.
Design of novel SERS-active nanomaterials
One of the most important applications for single-particle SERS study is to enable designs of novel nanostructures for unprecedented functionality and performance, based on a better understanding of structure-property relationship at the single-particle level. For example, Yang et al. synthesized complex nanoparticles with highly anisotropic shapes by controlling the etching kinetics. These silver nanostructures showed tunable localized surface plasmon peaks across the spectra of visible and near IR, and possessed highly sp-SERS sensitivities. Their detailed study on the structure-property relationship allows a further design of multiplex sensing materials for detecting multiple analytes. 31 Similarly, Willets and co-workers mapped the position of single-molecule SERS with a 10 nm resolution on isolated nanoparticles and their assemblies. 23, 31 Their work demonstrated a unique approach in identifying the locations of the Raman hot spots within a single diffraction-limited spot, thus providing valuable information in designing SERS-active nanostructures.
sp-SERS based sensing and imaging
Single-particle SERS has demonstrated great potentials in various sensing and imaging applications, such as pH sensing, monitoring of heavy metals in water, and biomolecular imaging. There have been several reports on developing pH sensing substrates based on the single-particle SERS technique. Talley and co-workers demonstrated the suitability of using 30 nm hollow gold nanoparticles for pH sensing. 32 The authors believe that the sensitivity of the pH probe is due to the strong SERS enhancement of individual hollow nanoparticles. 32 Similarly, a nanoscale pH meter was reported by Halas and coworkers using gold nanoshells and an average accuracy of 0.10 pH units across its operating range was achieved. Singleparticle SERS was also applied for trace metal ion detection. For example, Chung's group designed a mercury sensor using DNA-modified gold microshells. The authors obtained a detection limit of 50 nM for sensitive and selective mercury(II) ion detection via a small volume analysis. 142 One example of preparing an excellent SERS probe for single-particle biomolecular imaging was shown by Lee and co-workers. 143 The authors applied biocompatible magnetic nanocrescents as controllable SERS probes and demonstrated an EF higher than 10 8 in detecting sub-zeptomole molecular concentrations. Their work allows further biofunctionalization on these highly SERS active nanostructures for real-time biomolecular imaging. 143 
sp-SERS based spectroscopic tags in liquid flow
sp-SERS has been utilized as nanoscale spectroscopic tags in liquid flow systems and so providing an efficient approach for in situ quality control in continuous processes. Methods of high-throughput flow-based platform for SERS detections have been developed. For example, Laurence et al. described an efficient and rapid method toward high-throughput detection using fluorescence and Raman correlation spectroscopies to investigate solution-based SERS intensity through a confocal laser spectrometer. 34 Later, Goddard et al. demonstrated an efficient method of individual nanoparticle SERS detection in flow systems. 144 They used a full spectral Raman flow cytometer to rapidly investigate SERS intensity variations among nanoparticle populations. Similarly, Cecchini and co-workers detected single nanoparticles using a combination of correlation spectroscopy and surface-enhanced resonance Raman spectroscopy. 145 They used gold nanoparticles labelled with reporter molecules on a custom-built Raman spectrometer and deduced that measurements based on liquid flow allowed for a higher throughput of detected events with shorter analysis times.
sp-SERS outlook
Significant progress has been made in designing, fabricating and understanding individual nanostructures with high SERS activities. Future research efforts are expected in following areas: (1) further improvement of the SERS enhancement from individual nano-objects via nanoscale control of the materials and structures; (2) better understanding of the Raman hot spots with novel experiments, such as in situ study of structure-property relationship on individual nano-objects; (3) improved simulations of the Raman hot spots with theoretical approaches; (4) optimization and integration of SERS-active nano-objects for molecular and biomolecular identifications. All these will open up additional opportunities for fabricating new-generation SERS-active substrates with giant enhancement and superior sensing capability, which can dramatically expand the applications of SERS to even broader fields. View Article Online
